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I. INTRODUCTION.

THE work discussed in this paper is a continuation of that described
in a previous communication to the Centralblatt fur Bakteriologie1.
Unfortunately it has been found impossible to bring all the problems
taken up to a satisfactory conclusion in the time available. And as,
owing to unforeseen circumstances it is necessary, for the present at
least, to leave this subject, the results so far as they have been arrived
at are brought together in this publication and the lines on which it
had been intended to work are indicated. It is hoped, however, that
an opportunity of continuing this work on the soil Protozoa may
present itself at some future date.

The points which will be dealt with here are:
The dilution method and its application to the enumeration of protozoa

in soils.
The effect of protozoa on the numbers of bacteria in ammonifying

solutions and on ammonification in solution tests.
The effect of inoculations of protozoa on the bacterial content of

partially-sterilised soils.

II. THE DILUTION METHOD.

The dilution method has already been applied to the enumeration
of protozoa in soils by Rahn2. He used as media peptone and sugar
solutions incubated for 7-14 days. The dilutions were made in the
usual way and at the end of the incubation period the cultures were

1 CentraJbl.f. Bakt. Abt. n, Bd, 39, pp. 696-610.
• Ibid. Bd. 36, p. 419,
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submitted to microscopic examination. As a result of his work he
found that drying the soil caused a reduction in the numbers of protozoa
and that this reduction was first noticeable in the case of the amoebae.
Killer1 also used the dilution method, with a number of the solutions
employed for cultivation of soil bacteria as media.

The method employed in these experiments is in principle the same
as that generally applied in bacteriological work. Four parallels in
each dilution are used. The medium is soil extract (prepared as
described in Lohnis' Praktikum, p. 118, but undiluted) +.-1 % K2HP04

in 1 c.c. quantities in small test-tubes. To each tube 1 c.c. of the
dilution-water is added, so that the medium, so far as the protozoa are
concerned, is ordinary soil extract + -05 % K2HP04. But, if the
dilutions are put up simply as above described, it has been found that
the multiplication of the protozoa after excystation is rather slow and
the microscopic work as a consequence is very tedious. It has been
observed that inoculation of the soil extract with a protozoa-free
culture of bacteria, prepared from a bloodmeal culture as described in
the previous paper (p. 604), hastens the multiplication of the protozoa.
The microscopic work is thus considerably facilitated. The procedure
is to inoculate the soil extract with the protozoa-free culture and
incubate for two days before inoculation from the dilutions.

Subsequent work on the effects of moisture, etc. on the protozoal
content of.soils has shown that the dilutions 100,1000,10,000,100,000,,
etc., are not close enough to bring out differences due to the treatment
of the soils. It has, therefore, been found necessary to employ closer
dilutions. Those used are, for example, 100, 300, 500, 750, 1000,
3000, 5000, etc.

When now the method is applied to the enumeration of protozoa
in soils, it is found that the results are rather irregular. Up to a certain
dilution all four parallels in each case give positive results. Then in
the next three or four dilutions 1-3 of the parallels in each are positive,
the remainder negative. Table 1 shows a typical case. The figures
given in the columns indicate the number of parallels showing positive
results.

It will be observed that after five days' incubation the development
is regular up to and including 5000 with single positive results in each
of the next four dilutions. On incubation for a further period of 25
days the regular development stage is pushed forward to the 10,000
dilution. But beyond this irregularities still remain. From the point

1 Gentralbl.f. Bakt. Abt. n, Bd, 37, p. 521.
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of view of regularity, therefore, the 30 days' is no better than the five
days' period, although it gives a slightly higher result. But 30 days
is as long an incubation period as could be conveniently adopted and
consequently it was not considered advisable to investigate the effects
of a longer period. And, as five days' incubation gives as satisfactory
results as 30 days, the former has been adopted in subsequent work.
The question of the higher results obtained after $0 days need not
be considered in view of the much greater convenience of the shorter
period. In any case the dilution method, here as with bacteriological
work, gives only relative, not absolute results. The whole of the
protozoa in soils do not develop in soil extract.

TABLE 1.

Incubation
period (22° C.)

5 days
12 „
30 „

Dilutions

5000

4
4
4

7500

1
3
4

10,000

1
3
4

30,000

1
2
3

50,000

1
. 2

2

75,000

0
0
2

With a view to obtaining more regularity in the results some slight
modifications of the method were tried. In the dilution method, as

used in bacteriological work, the addition of small quantities of sterile
soil to the medium is found to have a beneficial effect on the growth
of the soil bacteria. It was thought that the same might apply to the
protozoa but this has not proved to be the case. Indeed, the use of
sterile soil results in a much slower excystation of the protozoa and
no improvement as regards regularity. The retardation of excystation
is probably due to the extraordinarily beneficial effect which the soil
has on the growth of the protozoa-free culture before the inoculation
with protozoa. It has frequently been observed that the development
of protozoa in a medium containing exceptionally large numbers of
bacteria is considerably hindered. In a further experiment the inocu-
lation with protozoa-free culture was omitted, only sterile soil being
added. The results obtained were very low and quite as irregular as
in the previous case.

The effect of the reaction of the medium was next tested. But
soil extract + chalk as well as soil extract + -01 % hydrochloric acid
and soil extract' + "01 % caustic potash effected no improvement with

4—2
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regard to the regularity of the results. The ordinary soil extract
+ -1 % K2HPO4 + protozoa-free culture was therefore used in all
subsequent work and the last dilution in which all four parallels gave
a positive result after five days' incubation at 22° C. was adopted (quite
arbitrarily, of course) as the protozoal content of the material examined.
In all cases the results are given as numbers per gram of soil.

With regard to the cause of the irregularity in the development in
the dilutions, it is most probably to be explained on the supposition
that the protozoa adhere very readily to the soil particles. It is
exceedingly likely that the amoebae in particular may be carried over
from dilution to dilution in this way.

In the last paper, 58° C. was suggested as a temperature which
would kill off all active soil protozoa capable of development on soil
extract and so allow of a distinction being drawn between active and
encysted forms. This temperature has been adopted in combination
with the dilution method already described. Two sets of dilutions
are generally made, the first with the untreated soil, the second with
the soil after heating to 58° C. The heating is generally carried out
in the 100 dilution.

TABLE 2.

Sample A

Total Nos
After heating to 58°

Sample B

Total Nos
After heating to 58°

750

4
4

100

4
4

1000

4
3

300

4
4

Dilutions

3000

2
1

500

4
3

5000

2
0

750

4
2

7500

2
0

1000

3
2

As a result of further work it appears probable that a temperature
of 58° C. kills a number of the encysted protozoa in addition to the
active forms. Thus, for example, it has been found that pure cultures
of certain flagellate and ciliate cysts do not excyst after being heated
to 58° C. and subsequently brought into fresh media. The results of
some experiments on the efEect of drying on the protozoa may also be
cited in this connection. Two samples of soil were allowed to dry at
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22° C, A for nine days, B for 16 days. Protozoa- counts were then
made as above described. Table 2 shows the results.

In these cases as a result of drying one would naturally expect at
least a certain number of the protozoa to encyst and the total numbers
to be equal to those obtained after heating to 58° C. provided the latter
treatment had no injurious action on the cysts. But in both cases
the heating appears to have destroyed a number of the encysted
organisms. In the first case the distinction is small but in the second
it is considerable.

In order to obtain further evidence on this point the effect of treat-
ment with caustic potash on cysts and active forms was examined. As
a preliminary experynent soil extract cultures of protozoa showing
numerous active and encysted forms were treated for varying lengths
of time with equal quantities of a -5 % caustic potash solution, so that
the concentration of the alkali in the cultures was -25 %. At the end
of the period of treatment a drop of phenolphthalein solution was
added to each culture and the potash neutralised with dilute lactic
acid. The cultures were allowed to settle for half-an-hour and then
examined microscopically. After five days' incubation at 22° C. they
were examined once more. The results are given in Table 3. + indi-
cates the presence of active organisms.

TABLE 3.

Interval
since

Neutralisation

Half hour
Five days

Controls
(with addition of
phenolphthalein)

. A B

+ +
+ +

Potash allowed to act for:

1 minute
A B

+

1 hour
A B

+ +

4 hours
A B

+ +

The treatment with potash killed all active protozoa but left the
encysted uninjured and the latter were able to excyst within five days.

The treatment with -25 % potash for one hour was applied in the
dilution method. Dilutions were made from a sample of soil, in the
one case after the soil had been heated to 58° C. in the 100 dilution,
in the other after it had been treated with -25 % potash for one hour,
also in the 100 dilution. Table 4 shows the results.
• Here it will be observed that the heat has had a more drastic action

on the cysts than has the potash. It appeared possible that this
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distinction might be due to the adsorption of some of the potash by
the soil. It was found, however, by titration of the remaining alkali
with acid that, under the conditions of the above described experiments,
only 10-15 % of the potash was put out of action,—a quantity quite
insufficient to account for the difference in the results obtained.

TABLE 4.

Soil

(1) Heated to 58° C.
(2) Treated with 25 % KOH

for one hour

Dilutions

500

4

4

750

;

1000

2

3

3000

1

2

5000

0

3

From these experiments, therefore, it seems highly probable that
heating to 58° C. kills a considerable number of the encysted protozoa.
But it has been shown that heating to 58° C. is absolutely necessary
if one wishes to make sure of killing off all active forms (particularly
ciliates). From what has been said it is evident that it is impossible
to fix upon a temperature which will destroy all active protozoa in soils
and leave the cysts perfectly uninjured. This was only to be expected.
In the case of the bacteria the power of resistance to heat of the active
forms varies enormously and sometimes even surpasses that of the
spores of less resistant species. The same remark would appear to
apply to the protozoa. Further, it must be remembered that during
a period of excystation or encystation of a particular species it is quite
impossible to draw a hard and fast distinction between cyst and active
form. And it is obvious that the various transition forms encountered
in such cultures must have very varied powers of resistance to heat.
Any temperature selected for the purpose of distinguishing active
protozoa from cysts must therefore be of an arbitrary nature. And
as it is better to select a temperature which will kill all active forms
even if it does injure some of the cysts, rather than one which will leave
the cysts unharmed and also probably some of the active forms alive,
the continued use of 58° C. seems to be justified. This view is supported
by the results of experiments which will presently be discussed. It has
been found that the numbers obtained by the dilution method after
heating to 58° C. (referred to, later, as "Cysts") show variations corre-
sponding with variations in the treatment of the material. The method,
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therefore, yields useful results which, after all, is the best justification
it can have.

The results of the experiments on the effect of heat quoted above
probably rather exaggerate its injurious action. In this connection
three points must be kept in mind:

(1) It must be remembered that in those cases in which the
cysts failed to excyst after heating to 58° C. pure cultures were dealt
with. In the results of experiments on the effect of heat on cysts,
described in the previous paper, the thermal death point of the most
resistant cysts found in soil is given as 72° C. This does not, however,
exclude the possibility of the presence of forms with less resistant
cysts.

(2) In the experiments on the effect of drying, the desiccation
itself may have had an injurious action on the cysts and as a conse-
quence may have rendered them a more easy prey to the injurious
influence of the heat.

(3) In the potash experiment, protozoa which had been culti-
vated on an artificial medium (soil extract) and thus probably rendered
less resistant, are dealt with.

III. THE OCCURRENCE AND ACTIVITY OP PROTOZOA IN SOILS

AS INDICATED BY THE DILUTION METHOD.

The relative occurrence of the flagellates and amoebae in soil is
indicated in Table 5.

TABLE 5.

Dilutions

Parallels
F=flagellates )
A = amoebae (

Dilutions

Parallels
F=flagellates j
A = amoebae i

A

F

A

F

3000

B C

F FA

30,000

B C

F —

D

F

D

F

A

FA

A

F

5000

B C

FA F

50,000

B C

D

F

D

A

FA

A

7500

B C

F F

75,000

B C

D

F

D

F

A

F

A

F

10,000

B C

FA F

100,000

B C

D

F

D

The flagellates are seen to occupy first place. The amoebae are
rather fewer in number but this may be due to the fact that they are
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rather sensitive to the presence of members of the other groups and
are probably to some extent suppressed by them in the cultures. The
ciliates are always present in much smaller numbers. They are rarely
seen in dilutions exceeding 100. But the appearance of the various
groups in particular dilutions cannot be considered as giving any very
sure indication of the relative occurrence of protozoa in soils'.

To the question as to whether the protozoa lead an active life in
soil, it has been shown that the action of heat combined with the
dilution method does not give a definite answer. That question,
however, is answered in the affirmative by the results of experiments
which will now be discussed.

(a) The Effect of Temperature.

(i) On the number of protozoa in soils. For these experiments some
garden soil was passed through a 2 mm. sieve and placed in an ordinary
porous flowerpot. The moisture content was determined and adjusted
to 70 % of the water-holding capacity of the soil. It was kept at this
degree of moistness by watering with boiled water every day during

TABLE 6.

. Total Numbers

In original soil . . .
After 9 days at 6-7° C. . .
After further 7 days at 22° C.
After further 7 days at 30° C.

Cysts

In original soil
After 9 days at 5-7° C. . .
After further 7 days at 22° C.
After further 7 days at 30° C.

7500

4
4
4
4

500

4
4
4
4

10,000

4
4
4
4

750

4
4
4
4

Dilutions

30,000

2
3
4
3

1000

3
4
4
3

50,000

1
3
2

3000

2
1
2
4

75,000

1
2
0

5000

2
2
3

the course of the experiment. The total numbers of protozoa and
cysts growing on soil extract were determined by the method described
above, immediately after the first adjustment to 70 % W.H.C. The
pot was kept in succession for nine days at 5-7° C, for seven days
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at 22° C. and for seven days at 30° C, determinations of total numbers
of protozoa and cysts being made before each change of temperature.
Table 6 shows the results.

It will be noted that after nine days at 5-7° C. practically no change
from the original numbers is observed. This is as was to be expected,
for the temperature was about the same as that to which the soil had
been exposed in the garden and the only change in the conditions was
that the soil in the flowerpot had received about 3 % more water
than was present in the plot from which it was taken. But after a
period of seven days at 22° C. quite a considerable increase in the total
number has taken place while the cysts have remained practically
stationary. Exposure to a temperature of 30° C. for seven days has
caused a fall in the total numbers but a distinct rise in the number of
cysts. The fall in the total numbers is readily explained when one
bears in mind that certain of the soil protozoa in active form are killed
by a temperature of 25° C. Doflein1 refers to the work of Grosse-
Allermann who showed that Amoeba terricola (Greef) is killed after a
few hours at 25° C. But apart from this 30° C. is evidently too high
a temperature to allow of the activity of quite a number of the protozoa
in soils as is shown by the increase in the number of cysts. As the
result of these experiments, therefore, a temperature in the neighbour-
hood of 22° C. seems to be the most suitable for the activity of the
majority of the aoil protozoa.

But although 22° C. is the optimum for the majority of the protozoa
in soils, it does not exclude the possibility of the presence of other
organisms adapted to higher temperatures. In order to try to throw
some light on this point a further experiment was undertaken. The
protozoal content of a sample of soil which had been saturated with
water and kept for eight days at 22° C. was determined. The soil
was then placed in the 3.0° C. incubator for 38 days, during which time
it was kept saturated with water. Determinations of the numbers of
protozoa in .the soil after eight and 38 days respectively were made.
For all three determinations quantities of the soil corresponding to the
same dry weight were employed so that the figures in Table 7 are
comparable.

A fall in the total numbers of protozoa is observed after eight days
at 30° C. as was to be expected from the results given above. But
later the organisms which are adapted to the higher temperature show
a marked increase in numbers. It is evident, therefore, that soil

1 Lehrb. d. Protozoenkunde, p. 319.
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contains protozoa adapted to a temperature of about 30° C. and that
these become active when the conditions are favourable for their
growth.

TABLE 7.

Total Numbers

After 8 days at 22° C. ..
After 8 days at 30° C. . .
After 38 days at 30° C. ..

Cysts

After 8 days at 22° C. . .
After 8 days at 30° C. . .
After 38 days at 30° C. ..

10,000

4
4
4

300

1

30,000

4
1
4

500

4
2

Dilutions

50,000

3
2
4

750

3
2

75,000

2
2
2

1000

3
1
2

100,000

1
1

3000

2
2
0

(ii) On the kind of protozoa in soils. Observations on cultures
(chiefly bloodmeal solutions + K2HP04) of soil protozoa kept at various
temperatures have yielded some interesting results. In such cases at
temperatures below 8° C. flagellates only have been observed. These
appear to multiply much more rapidly at the low temperature than
they do at 22° C, for example, and they continue for a much longer
period in the active form. In cultures kept at 22° C. flagellates, ciliates
and amoebae may all be present. At 30° C. on the other hand the
fauna of culture solutions consists practically entirely of ciliates. A
few flagellates are sometimes observed at first. At 38° C. few protozoa
develop. Only amoebae have been observed. These points are of
importance from the point of view of securing pure cultures of the
respective groups.

As to the effect of temperature on the kind of organisms leading
an active life in soil, little definite information has been obtained.
Ciliates (in addition to flagellates) have been observed directly under
the microscope in droplets taken from the surface of a saturated soil
kept at 30° C. The forms seen belonged to the genus Balantiophorus.
Such organisms may, therefore, be of importance in sewage and water-
logged soils during hot summer weather in temperate climates and also
in the rice-fields of tropical countries.
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(6) Effect of Moisture.

(i) On the number of protozoa in soils. In the following experiments
the temperature was kept constant at 22° C.

Experiment I. The water content of a sample of garden soil
was adjusted to 70 % of its water-holding capacity and a determination
of the number of protozoa present was made by means of the dilution
method. The sample was divided into three portions. In the first
case 10 grams of the soil was placed in a petri dish. The lid was kept
raised so as to allow of evaporation of moisture but prevent contamina-
tion from the air. The second portion consisted of 30 grams of soil,
also in a petri dish. This sample was saturated with water and the
lid allowed to remain in position to prevent evaporation as much as
possible. The third portion consisted of the remainder of the sample
in a flowerpot covered with cotton-wool to minimise evaporation but
allowing free access of air. The first portion was allowed to dry for nine
days, the second was kept saturated for eight days, while the third
was kept at 70 % W.H.C. for seven days. At the end of these periods
a determination of protozoa was made for each portion. In the case
of the dry and saturated samples quantities corresponding to one gram
of the 70 % sample were taken for the dilutions. The results are
shown in Table 8. . .

TABLE 8.

Total Numbers
in

Original sample ..
Dried sample
70% W.H.O. sample
Saturated sample

Cysts in

Original sample . .
Dried Bample
70 % W.H.C. sample
Saturated sample

1000

4
4
4
4

300

4

4

3000

4
2
4
4

500

4

4

5000

4
2
4
4

750

4
4
4

Dilutions

7500

4
2
4
4

1000

3
3
4
3

10,000

4
0
4
4

3000

2
1
2
2

30,000

2
1
4
4

5000

0
2
0

50,000

3
3

7500

0
1
1

The effect of drying is seen in the reduction of the total numbers.
The 70 % and saturated samples have given the same increase. The
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cysts show practically no change as a result of the variations in the
treatment.

Experiment II. In this case the original sample was divided
into two portions. One was allowed to dry for nine days: the other
was kept saturated for seven days. Bacterial counts were also made
on the samples, agar at 22° C. being Used as medium. Otherwise the
procedure was the same as in Experiment I. Table 9 shows the
results.

TABLE 9.

Total Numbers
in

Original sample . .
Dried sample
Saturated sample

Cysts in

Original sample . .
Dried sample
Saturated sample

750

4

100

—

1000

3

300

3
1

Dilutions

3000

2
4

500

4
2
1

5000

4
2
4

750

1
3
2

7500

2

3

1000

2
1
2

10,000

2

3

3000

1
0
0

Bacteria
(millions

per
gram)

13-95
6-90
5-20

—

Drying has again resulted in a reduction in the number of protozoa
while the saturation of the soil with water has produced a slight increase
in total numbers and a very decided decrease in the number of cysts.
The bacterial content has in both cases fallen considerably and it is
noteworthy that from the saturated soil more bacteria have disappeared
than from that which has been exposed to drying. But the conditions
in the saturated soil cannot be regarded as very unfavourable for
bacterial growth, for the layer of soil and water is quite a thin one
(about £ inch).

Experiment III. The plan in this case was similar to that
adopted in Experiment I, but bacterial counts on agar at 22° were
added. The dried soil was kept for 16 days: the 70 % sample for
15 days and the saturated sample for 14 days. Table 10 contains the
results.

Here the drying has caused no decrease in the total numbers of
protozoa. The latter appear all to have been able to encyst before
the soil became too dry for active life. This view is supported by the
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TABLE 10.

61

Total Numbers
in

Original sample ..
Dried sample
70 % W.H.O. sample
Saturated sample

Cysts in

Original sample . .
Dried sample
70 % W.H.C. sample
Saturated sample

Dilutions

750

4
4
4
4

50

0
4
3
3

1000

3
3
4
4

100

1
4
2

3000

2

4
4

300

0
4
0
1

5000

1

3
4

500

0
3
0
0

7500

1

1
4

750

0
2
0
0

10,000

0

2
4

1000

0
2
0
0

Bacteria
(millions

per
gram)

81
3 1
6-4
6-7

I
I

I
!

fact that the cysts have shown a marked increase in the dried sample.
Very decided increases in total numbers are observed in the 70 % and
saturated samples, especially the latter. The fall in the bacterial
content of the 70 % and saturated samples is not so marked in this
instance as it was in the case of the saturated sample in Experiment II.
This is probably due to the fact that the protozoal activity had reached
its maximum before the counts were made as is indicated by the increase
in the number of cysts. The same cause has probably resulted in an
obliteration of any difference, which might have been expected, in the
bacterial contents of the 70 % and saturated samples as a result of
the difference in the protozoal content of the latter.

Experiment IV. The 70 % sample, after use in Experiment III,
was employed as the starting point in this experiment. The samples
to be dried and saturated respectively were taken from it and the
remainder was kept for a period of 12 days at 70% W.H.C. The
dried sample was kept for 14 days, the saturated sample for 12 days,
and bacterial and protozoal counts were made for all three samples
as in the last experiment. The results obtained are given in Table 11

Drying has, in this instance, lowered the numbers of protozoa
present, while the cysts again remain considerably behind the total
numbers. The 70 % sample is, at the end of the experiment, in
practically the same condition as it was at the beginning. It is obvious,
therefore, that the protozoa in the sample had reached the maximum
of their activity during the course of the preceding experiment. Thus,
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these results confirm those of Experiment III. The saturated sample
in Experiment IV has again shown a great increase in the numbers of
protozoa.

TABLE 11.

Total Numbers
in

Original sample
Dried sample
70 % W.H.C.

sample . .
Saturat'd s'mple

Cysts in

Original sample
Dried sample

70% W.H.O.
sample

Saturat'd s'mple

500

4

50

3

2
2

750

4
3

100

2
3

3
3

1000

4
1

4

300

0
1

1

Dilutions

3000

4
2

3
4

500

0
1

0
0

5000

3

3
4

750

1 
1 

o
o

7500

1

1
4

1000

1 
1 

o
o

10,000

2

2
4

3000
1 

1 
o

o

30,000

3
4

—

50,000

4

— .

Bac-
teria

64
3-8

80
72

—

The increase in the bacterial content of the saturated sample as
compared with the bacterial content of the 70 % sample at the beginning
of the experiment is again probably due to the protozoal activity having
passed its maximum. The increase in the bacterial numbers in the 70 %
sample during the course of the experiment was only to be expected
from what has already been deduced.

(ii) On the kind of protozoa in soils. In the cultures made from the
dilutions, considerable variations are to be observed in the kind of
organisms obtained from saturated, 70 % w.H.c. and dry soils. In
cultures from saturated soils practically only flagellates are found.
. The 70 % and dried samples on the other hand yield amoebae in
addition to flagellates. Ciliates are seldom seen in any of the cultures.
It seems highly probable, therefore, that the flagellates may require
a rather moist medium for the unfolding of their activities. The
amoebae appear to prefer a somewhat drier soil. But it is possible
that they may also lead an active life in saturated soils but may be
suppressed in the cultures by the flagellates which are present in large
numbers in such soils.*
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To summarise the results of these experiments on the effects of
temperature and moisture on the soil protozoa:—It has been shown
that some, at least, of the protozoa in soils lead an active life and are capable
of multiplying to quite a considerable extent when the conditions become
favourable. It is also very probable that those protozoa which do lead an
active life in soils (as indicated by the dilution method) are capable of
limiting the numbers of bacteria present in the latter. But this point
still requires some elucidation.

IV. THE INFLUENCE OF PROTOZOA ON THE NUMBERS OF
BACTERIA DEVELOPING IN AMMONIFYING SOLUTIONS.

In order to obtain some information on the capacity of soil protozoa
for destroying bacteria in solutions, it was thought necessary to have
a method of suppressing the former. In the literature one finds that
P. T. Muller1 employed Saponin for this purpose, in connection with
his investigations on the protozoa of swimming-baths. The concen-
tration used was -5 % and it is stated that this had no injurious action •
on the bacteria.

The use of Saponin was, therefore, applied to ammonifying solutions
inoculated with soil. 1 % bloodmeal in water was heated to one and
a half atmospheres in the autoclave and filtered. -05 % K2HPO4 was
added and 100 c.c. of the solution sterilised. After cooling this nutrient
solution was inoculated with. 5 grams of garden soil and incubated for
18 hours at 22° C. The bacterial content of the solution was determined
(agar, incubated at 22° C, has been used as medium for bacterial counts
all through this section and the results are seated in the tables as millions
per c.c). The solution was divided into two equal parts in small sterile
flasks and one portion received -5 % saponin. Plates were poured from
both portions at the intervals indicated in Table 12.

The active protozoa present were counted by the microscopic
method. The immediate effect of the saponin is seen in the depression
in the numbers of bacteria in the solution. This, however, does not
last long. After 2i hours the protozoa developing in the solution without
saponin begin to exercise a decided depressing effect on the number
of bacteria and this has continued throughout the experiment. But
the contrast between the bacterial contents of the two portions is
doubtless somewhat minimised because the saponin has failed to
suppress entirely the protozoa.

1 Arch.f. Hyg. Bd. 75, 1912, p. 321.
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TABLE 12. Bacterial Content of solution before division = 2-6.

Time since
division

of
solution

1 hour
3 hours
6 „

24 „

4 days

10 „

20 „

30 „

Solution with saponin

Bacteria (c.c.)

4-55
9-05

12-90
75-00

100-00

68-00

220-00

260-00

Protozoa (c.c.)

400 F

200 F and C

I 1200 C
( 400A

Solution without saponin

Bacteria (c.c.)

6-45
12-80
31-00
5600

56-00

26-00

23-50

14-90

Protozoa (c.c.)

400 F
( 15,000 F
I 1000 C
( 200 F
1 1200 C

Under 200

F = flagellates. C = ciliates. A = amoebae.'

After 10 days a clearing in the saponin solution set in which, taken
in conjunction with the great increase in the bacterial content, appears
to point to the decomposition of the saponin. In order to test this
two equal quantities of filtered 1 % bloodmeal solution + K2HPO4,
one of which contained -5 % saponin, were each inoculated with 1 c.c.
of a protozoa-free culture of bacteria. Bacterial counts were made
at the intervals shown in Table 13.

TABLE 13.

Time since
inoculation

of
solutions

1 day
4 days

10 ,
20 „

Bacterial content of solution

With Saponin

185
1250
2300
1600

Without Saponin

185
1700
1050
650

From the results here obtained it is very probable that the bacteria
attack the saponin and that the resulting increase in bacterial numbers
will exaggerate the destructive effect of the protozoa. A second
disadvantage in the use of saponin is that at a concentration of -5 %
it does not entirely suppress the protozoa. Higher concentrations have
been tried but up to 3 % one can never be certain that the whole of the
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protozoa will be excluded. It appears, therefore, that saponin is of
little value for this purpose and its use has been abandoned. In the
work described by P. T. Miiller the action of the saponin was quite
satisfactory. But it must be noted that water was employed AS the
medium, not a nutrient solution.

Recourse was next had to the simple method of inoculation of the
solutions with bacteria alone and with bacteria + protozoa. 50 c.c.
quantities of 1 % bloodmeal solution (filtered) + -05 % K2HP04 were
employed. One flask was inoculated with bacteria + protozoa from
a culture of protozoa from soil, the other received as nearly as possible
an equal inoculation from the same culture of bacteria alone. The
method of inoculation was the single drop method already referred to.
Table 14 shows the numbers of bacteria and protozoa developing in
the solution.

TABLE 14.

Time sinoe
inoculation of
solution (days)

1

6
10

20
30

A

Bacteria
alone

10

736
625

700
370

Bacteria -

Bacteria

8

505
350

270
53

- Protozoa

Protozoa

65,000 F
25,000 F

15,000 P
25,000 P

B

Bacteria
alone

Fewer than
01

860
2100

1120
635

Bacteria + Protozoa

Bacteria

-03

801
1400

49
21

Protozoa

C under
200

1600 C
200 C

It will be observed that in both experiments the solutions to be
compared started with practically equal inoculations of bacteria and
that the subsequent depression in the bacterial numbers is marked and
runs more or less parallel with the numbers of active protozoa present.
In Experiment B, after 20 days in addition to the 1600 ciliates given
at least 50,000 cysts were counted. This accounts for the very rapid
fall in the number of bacteria between the tenth and twentieth days.
The results after 30 days indicate very clearly the destructive power
of the protozoa. In A, flagellates only were present; in B ciliates only,
and as was to be expected the results show that the latter are the more
active in the killing off of the Tbacteria,

. Journ. of Agric. Sci. vii 6
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This method of inoculation, although it has given quite good results,
is not entirely satisfactory. The difficulty lies in the uncertainty as
to whether the protozoa will develop after inoculation. This is probably
due to the fact that the inoculum is very small compared with the bulk
of the medium. The protozoa are thus forced to encyst until the
bacteria develop and during this process the bacteria very frequently
appear to take the upper hand.

Another method of inoculation was tried. The medium (4 %
bloodmeal, unfiltered, + -05 % K2HP04 in 100 c.c. quantities in Erlen-
meyer flasks) was inoculated from a protozoa-free bloodmeal culture,
each flask receiving a loopful. After two days at 22° C. some of the
flasks received in addition a loopful of a bloodmeal culture containing
protozoa from soil, so that from the beginning they contained more
bacteria than the protozoa-free cultures. The development of the
protozoa was now much more regular. Bacterial counts were made
after 10 and 20 days and the numbers of active protozoa were deter-
mined roughly by the microscopic method. The results are shown
in Table 15.

TABLE 15.

No.
of

Expt.

1
2
3
4
5
6

After 10 days

Bacteria
alone

480
790

| 530 |

i 870 1

Bacteria + Protozoa

Bacteria

260
420
440
600
480
780

Protozoa

30,000 F
5,000 F
5,000 P

10,000 F
25,000 F
20,600 A

After 20 days

Bacteria
alone

167
260

1 5 1 ° 1
) 420 {

Bacteria + Protozoa

Bacteria

156
358
235
320

90
150

Protozoa

10,000 F
0

All encysted
All encysted

60,000 F
All encysted

Quite a marked reduction in the bacterial numbers is obtained as
a result of the presence of the protozoa in all six experiments. The
reduction is, however, somewhat variable and even varies during the
course of the individual experiments. In 2, for example, although the
protozoa have caused a great reduction in the numbers of bacteria

after 10 days, after 20 days the number of bacteria in the protozoa
culture is actually higher than in the protdzoa-free culture. The
protozoa present in this case were large flagellates, But after 20 days
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no traces of protozoa, active or encysted, could be found. The protozoa
had probably died off without encysting and then been attacked by the
bacteria. . This view receives support from the frequent observation
in ammonifying solutions of protozoa, showing absolutely no signs of
life but yet without any traces of a cyst membrane surrounding them.
It is quite probable, therefore, that some species of protozoa die of!
without being able to encyst when the concentration of ammonia or
other products of the activity of bacteria reaches a particular level.
Their bodies would then be a ready prey to the attacks of bacteria
and the latter might increase in numbers as a consequence.

The reductions in the numbers of bacteria as obtained in these
experiments are on the average smaller than those given in Table 14.
But it must be remembered that the bacterial content of the protozoa
cultures at the beginning was in all cases larger, probably often much
larger, than that of the protozoa-free culture. The only satisfactory
method for securing comparable results, therefore, is the inoculation
of equal numbers of bacteria from a protozoa culture in the one instance
and from a protozoa-free culture (prepared from the protozoa culture)
in the other, on to fresh media and the determination of bacterial
numbers in both solutions at intervals.

The results given in this section prove conclusively that the soil protozoa,
in solutions at all events, exercise a very decided limiting effect on the numbers
of bacteria. The question of the relative activity in this direction of the
three main groups of protozoa—-flagellates, ciliates and amoebae—remains
to be investigated.

V. THE INFLUENCE OF PEOTOZOA ON AMMONTFIOATION

IN SOLUTION TESTS.

As a preliminary experiment in this direction, the quantities of
ammonia produced in some of the cultures used in the last section
were determined. The conditions in these cultures may be briefly
recapitulated. Each culture contained -4 grm. bloodmeal + -05 grm.
K2HP04 in 100 c.c. water. After sterilisation in the autoclave at two
atmospheres pressure, each was inoculated with one loopful of a pro-
tozoa-free bloodmeal culture and incubated for two days at 22° C.
Some of the cultures then received each one loopful of a bloodmeal
protozoa culture from soil. At the end of the incubation period (20
days at 22° C.) all were distilled with magnesia, and the ammonia

5-3
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evolved determined (see Table 16, which gives the results after deduc-
tion of controls).

TABLE 16.

Number of
Experiment

1
2
3
4
5
6

Mgs. nitrogen as ammonia in culture containing:—

Bacteria alone

21-4
20-6

1 19'6 (
( 19, {

Bacteria + Protozoa

21-3
19-4
17-5
18-3
18-0
19-0

From the results of the bacterial counts (Table 15) one would
naturally expect that ammonification would be depressed in presence
of the protozoa. But the protozoa cultures have given an ammoni-
fication figure only slightly lower than that obtained in the protozoa-free
cultures. The difference is comparatively insignificant. When the
conditions prevailing in these experiments are kept in mind it seems
probable that the higher original bacterial content of the protozoa
cultures may account for the unexpectedly high ammonification number
obtained from them. It is probable that the ammonification in the
protozoa cultures, before development of the latter organisms, may
have been very rapid—so rapid that the subsequent fall in bacterial
numbers and consequent ammonifying power has been only just capable
of neutralising it.

The only satisfactory method of deciding the matter seemed to be
the inoculation of equal numbers of bacteria into solutions with and
without protozoa. The microscopic method of counting bacteria was
employed for this purpose. But in the case of these bloodmeal solutions
the method was rather uncertain in its results, because of the difficulty
in distinguishing the smaller species of bacteria from fine particles of
bloodmeal, etc. The numbers of bacteria counted in the solutions,
as a result of plating on agar, showed wide differences from those given
by the microscopic method. In the first set of experiments the solu-
tions were inoculated from bloodmeal cultures of protozoa + bacteria
and bacteria alone, respectively. The inoculations of bacteria were
arranged by the microscopic counting method so as to be approximately
equal. The counts on agar at 22° C. indicated, however, that the
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protozoa-free cultures had each received about 353 millions, the
protozoa cultures on the other hand 440 millions of bacteria. The
solutions employed were similar to those used in the last experiment.
It was found advantageous to incubate all the cultures for two days
with equal inoculations of protozoa-free culture before inoculation with
bacteria or bacteria + protozoa as the case might be. The solutions
were incubated for a total period of 20 days, from the first inoculation,
at 22° C. The protozoa were present in observable numbers in two
days after inoculation—i.e. four days from the first inoculation with
bacteria. The ammonia was- determined by distillation with magnesia
and the results so obtained (after deduction of controls) are shown in
Table 17.

TABLE 17.

Number of
Experiment

1
2
3
4
5

Mgs. nitrogen as ammonia in solution containing:—

Bacteria alone

19-3
21-2

Bacteria + Protozoa

15-3
16-4
14-3
15-2
15-7

I n spite of the fact t ha t the protozoa cultures s tar ted out with an
inoculation of 87 millions or about J more bacteria than the protozoa-
free cultures, they give a markedly lower figure for ammonification.
The averages are, for the protozoa-free cultures 20-3 mg. N, and for
the protozoa cultures 15-4 mg. N. This difference lies well outside the
limits of experimental error. "

In the last experiment which it has been possible to carry out in this
direction, the bloodmeal cultures were inoculated, as above described,
with 580 millions bacteria and 480 millions bacteria + protozoa (as
indicated by counts on agar at 22° C). The conditions were otherwise
the same as in the previous experiment. The quantities of ammonia
produced in the cultures after 20 days at 22° C. are shown in Table 18.
(Controls have been deducted.)

It is unfortunate that in this case the original inoculation of bacteria
in the bacteria + protozoa cultures was so much smaller than that in
the bacterial cultures. The experiment is, therefore, of little value in
helping towards a solution of the question.
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Number of
Experiment

1
2
3
4

TABLE

Mga. nitrogen as

Bacteria alone

19-5
19-6

18.

ammonia in solution containing:—

Bacteria + Protozoa

16-2
17-3
16-9
16-0

As to the appearance of the cultures with and.without protozoa
the latter have generally been somewhat brown in colour, the former
greenish. Further the two sets of solutions smell quite differently.
In the protozoa cultures the .vile-smelling decomposition products
usually associated with ammonification appear to be absent.

It had been intended to carry this section of the work much further
but circumstances unfortunately do not permit. The results, so far as
obtained, do not justify any very definite conclusions. The organisms
dealt with are, with one exception, the flagellates, and it seems probable
that these may have a depressing influence on ammonification. The
whole question, however, requires to be thoroughly investigated.

VI. THE INOCULATION OF PROTOZOA INTO PARTIALLY

STERILISED SOILS.

In the second paper of Russell and Hutchinson1 on the effect of
partial sterilisation of soils, it is stated that the authors have failed to
observe a depression in the numbers of bacteria in partially sterilised
soils as a result of inoculation with mass cultures of protozoa. This
is attributed to the great multiplication of bacteria which takes place
on the introduction of the considerable quantity of nutrient material
contained in the culture. Greig Smith2 also failed to obtain a reduction
in the numbers of bacteria, after inoculation of partially sterilised soil
with protozoa cultures.

Two experiments bearing on this point have been carried out here.
For the first experiment 500 grams of air-dry soil was passed through
a 2 mm. sieve. 2-5 o.c. formalin in 20 c.c. water was rubbed up with

1 Journ. of Agrie. Sc. v. 2, p. 152.
a Proc. Linn. Soc. N. S. Wales, Abstracts, 1912, pp. 2-3; Ref. Ceniralbl. f. Bakt. Abt. n.

Bd. 39, p. 152.
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the soil in a mortar and allowed to act in a glass.bottle with close-fitting
stopper for six days. A sterile suspension of 3 grams freshly slaked
lime in 50 c.c. water was added to combine with the formalin and render
it harmless. The bottle was placed in the 38° 0. incubator for one day.
After some weeks at room temperature the soil was thoroughly broken
up with a large, sterile, metal spatula and weighed out in 20 gram
quantities into sterile Erlenmeyer flasks. The water content was not
determined but it probably amounted to about 10 %.

In order to try to minimise, as much as possible, the effects of the
nutrient matter in the protozoa culture solution, soil extract + -05 %
K2HP04 was selected as medium. This was inoculated with soil and
after the protozoa had developed a protozoa-free culture was prepared
from it. Both soil extract cultures were kept for about two months
before being used for inoculation purposes. Two of the flasks con-
taining sterilised soil received each 1 c.c. of the protozoa culture, the
other two 1 c.c. of protozoa-free culture. All four received 1 c.c. of
sterile water each, in addition, in order to bring up the water content
of the soil to about 20 % (roughly 70 % of the water-holding capacity).
In order to represent, more or less, the conditions obtaining in Russell
and Hutcbinson's experiments a second series of four flasks was inocu-
lated, two with protozoa + bacteria and two with bacteria alone as in
the last case. The sterile water was replaced in this instance by an
equal quantity of a sterile 2 % filtered fleshmeal solution. Of the
controls two received 2 c.c. sterile water each, the remaining two each
1 c.c. sterile water and 1 c.c. sterile fleshmeal solution.

The bacterial content of the protozoa-free culture was 121 millions
per c.c.: that of the protozoa culture 12 millions per c.c. (agar at 22° C.
was used as medium for the counts in this section).. The numbers of
bacteria in the soil samples used in the experiment were determined
after 20 days at 22° C. The water contents were adjusted once more
to roughly 20 % with sterile water and the flasks were allowed to remain
for a further period of 20 days at 22° C. The bacterial contents of the
soil samples were again determined (Table 19).

The results of the bacterial counts are rather irregular. This is
probably due to the fact that the soil samples used were only watered
once during the experiment. The inoculation of bacteria, therefore,
prohably did not get thoroughly distributed in the soil. The only
cultures which have shown a decided depression in bacterial numbers
after 40 days (as compared with 20) are Nos. 7 and 8. Here the lowering
in numbers is quite marked and considerably larger than in any other
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cas'e. After the bacterial counts were made the soil samples were
covered with soil extract 4- K2HPO4 and incubated for seven days at
22° C. At the end of this period the cultures so made from Nos. 3, 4, 7
and 8 contained active protozoa. Nos. 7 and 8 showed decidedly
larger numbers than did 3 and 4. The remaining four soil samples as
well as the controls showed no protozoa. But the original "sterilised"
soil and the controls contained numerous bacteria.

TABLE 19.

No.

1
-2
3
4
5
6
7
8

Inoculation

j 1 o.o. protozoa-free culture )
( + 1 c.c. sterile water J
] 1 o.c. protozoa culture . I
| + 1 c.c. sterile water j
( 1 c.o. protozoa-free culture )
( + 1 c.o. sterile fleshmeal soln. f
( 1 c.c. protozoa culture 1
| + 1 c.o. sterile fleshmeal soln. J

Bacterial content (millions per gram) after

20 days

155
240
180
110
170
255
310
340

40 days

100
240
200
160
250
220
200
140

Prom the results here given it is probable that the inoculated
protozoa have been active in Nos. 7 and 8. But the period of activity
under the conditions of the experiment must have been a short one, as
after the single watering the soil would very soon become too dry for
active life. This, in all probability, accounts for the comparatively
small depression in bacterial numbers.

For the confirmatory experiment the soil was sterilised with formalin
in the flasks in which it was to be subsequently used. Quantities of
50 grams of air-dry sieved soil were rubbed up in a mortar with 2 c.c.
of a solution containing 5 c.c. formalin + 35 c.c. water. Forty-five
grams of the soil was immediately weighed out into each of the flasks.
The flasks used were small Erlenmeyers closed by tight-fitting corks.
The formalin was allowed to act for six days and was then decomposed
with slaked lime as described in the last experiment. Each flask
received 5 c.c. of a sterile suspension of 5 grams Ca(0H)2 in 100 c.c.
water (water content of soil in flasks = 70 % w.H.c). The flasks
were placed in the 38° C incubator for 24 hours. The soil in each
was thoroughly broken up with a sterile spatula and the flasks put
back in the incubator for another day. The corks were then replaced
by sterile cotton-wool stoppers and the flasks weighed. After several
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days in the 38° C. incubator to hasten evaporation, the flasks received
the inoculations shown in Table 20 and the water content of the soil
was brought up to 70 % W.H.C. The water content was readjusted
once a week to this level and after 25 days bacterial counts were made
for the various soil samples.

TABLE 20.

No.

1
2
3
4

6 •

6
7
8

9
10

Inoculation

f 1 o.o. protozoa-free culture )
( + 1 o.o. protozoa culture + 1 o.c. sterile water J
( 1 o.o. protozoa-free oulture . \
•J + 1 o.o. protozoa culture + 1 o.o. sterile 2 % Y
t fleshmeal solution J
f 1 c.c. protozoa-free culture 1
1 + 2 c.o. sterile water )
f 1 o.o. protozoa-free culture "|
I + 1 c.c. sterile water + 1 c.c. sterile fleshmeal >
I solution J
2 o.o. sterile water + 1 c.o. sterile fleshmeal solution
3 o.o. sterile water

Bacterial Content
(millions per gram)

100
52

133

77

860
420

950

Soil extract cultures were prepared from the soil samples as in
the last experiment. Those from Nos. 1-4 showed numerous active
flagellates after seven days at 22° C. In the remainder of the cultures
no protozoa were found. The controls 9 and 10 remained practically
sterile. They contained fewer than 10 bacteria per gram. The plates
poured for No. 5 remained sterile. The lowest dilution used was one
million. It is practically certain, however, that this must have been
due to a slip in the manipulation, and as the samples had been used for
soil extract cultures before it was discovered, the mistake could not be
rectified. At all events the soil extract culture showed quite as good
a development of bacteria as was got from samples 6, 7 and 8.

The protozoa-free culture contained 184 millions, the protozoa
culture 24 millions bacteria per c.c. and as the soils inoculated with
protozoa received in addition 1 c.c. of the protozoa-free culture they
contained at the beginning of the experiment about 24 millions more
bacteria than the soils inoculated with protozoa-free culture alone.
But during the course of the experiment the conditions have become
reversed and the soils containing protozoa now show a bacterial content
of, on the average, about $ that of the soils inoculated with protozoa-
free culture. The reduction in bacterial numbers in the soils inoculated
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toith protozoa is very marked and lies well outside the limits of experimental
error. The conclusion may safely be drawn,.therefore, that the limiting
factor or at least one limiting factor (of Eussell and Hutchinson) has
been inoculated into the sterilised soils and has produced its effects on
the numbers of bacteria. This limiting factor can thus be cultivated
on soil extract medium. That it has not simply been introduced into
the sterilised soils with the soil used for inoculation of the soil extract
(i.e. without having grown on the latter) is proved by the fact that for
the second experiment sub-cultures (made by inoculation of one loopful
of the original cultures on to fresh sterile medium) were used. Large
numbers of protozoa were observed in the solutions used for inoculation
and these organisms were cultivated once more on soil extract from
the soils which showed low bacterial counts. And, as it has been shown
that the protozoa are capable of reducing the numbers of bacteria in
solutions, it appears justifiable to consider them as the limiting factor
in soils.

In conclusion I wish to thank Prof. Lohnis for having suggested
this work on the soil protozoa and for advice, ever at my disposal,
during the carrying out of it.

[This paper was published in the Centralbl. f. Bald. Abt. n. of
August last, but owing to the war no copies of it have yet reached this
country.]

(Received December 2lst, 1914.)


